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ABSTRACT
Sousa, S.H.M.; Amaral, P.G.C.; Martins, V.; Figueira, R.C.L.; Siegle, E.; Ferreira, P.A.L.; Silva, I.S.; Shinagawa, E.;
Salaroli, A.; Schettini, C.A.F.; Santa-Cruz, J., and Mahiques, M.M., 2014. Environmental evolution of the Caravelas
Estuary (northeastern Brazilian coast, 178 S, 398 W) based on multiple proxies in a sedimentary record of the last
century, Journal of Coastal Research, 30(3), 474–486. Coconut Creek, (Florida), ISSN 0749-0208.
A sediment core (~100 cm long) taken from the upper Caravelas estuary was interpreted based on sedimentological,
microfaunal, geochemical, and historical data for the last 70 years. Outcomes are a significant contribution to the
understanding of the relationship between anthropogenic impact and natural ecosystem change. The results obtained for
the period between the 1930s and the beginning of the 1970s do not reveal any evidence of natural and/or anthropogenic
impacts in the estuary. This period is characterized by a higher percentage of sandy sediments, lower pollution load
index (PLI) values, and a mixed source of organic matter (C3 land plants and marine dissolved organic carbon [DOC]).
During the period from the 1970s to the 1990s, widening of the inlet and the entrance of marine water initiated a rapid
natural environmental transformation of the area, increasing the amount of mud and producing an abundance of open
marine–dwelling ocean foraminifera species, including Pararotalia cananeiaensis, and a decrease of foraminifera density
and diversity values. The slight increase of PLI values and the predominance of C3 land plant organic matter observed in
this period might be the result of anthropogenic activities related to the soil occupation in the area, which are also
reflected in the abundance of Ammonia tepida. During the last decade, dredging operations close to the inlet channel
may have contributed to increased transport and deposition of marine sediments into the estuary.
ADDITIONAL INDEX WORDS: Sedimentology, heavy metals, organic geochemistry, benthic foraminifera, recent
coastal evolution, Brazilian northeastern coast.
INTRODUCTION
In the last few centuries, coastal zones have been highly
modified by urban, industrial, and port developments, leading to
contamination of the aquatic ecosystems (e.g., Alve and Olsgard,
1999; Burone et al., 2006; Cearreta et al., 2002). However, it is
difficult to obtain conclusive information on anthropogenic
impacts by only comparing modern coastal ecosystems, since the
majority of coastal areas are impacted in some way by human
activities (Debenay and Fernandez, 2009). The use of sedimen-
tary records, where sediments have been continuously depos-
ited since at least preindustrial periods, has proved to be a
successful method for assessing anthropogenic impacts
throughout the last century, contributing to an understanding
of the history of metal inputs (Cearreta et al., 2011; Debenay and
Fernandez, 2009; Fichez et al., 2005) and nutrient enrichment
(Tsujimoto et al., 2008), among other pollutant sources.
The Caravelas region represents one of the oldest urban
occupied areas on the northeastern Brazilian coast. Although,
this area is not considered to be impacted by industrial
activities, it has been subject to significant anthropogenic
impacts for more than 500 years due to soil use and various
economic activities, such as wood exploitation, fishing, and
agricultural activities. In the 1970s and 1980s, the continental
part of the Caravelas region was greatly impacted by the
establishment of the eucalyptus monoculture. At that time,
extensive land areas occupied by familiar agriculture were
replaced by the eucalyptus culture due to the establishment of
cellulose industries, such as Veracel, Bahia Sul, and Aracruz
(Almeida et al., 2008; Mello, 2007;). Since the 1970s, the
Caravelas estuary has been dramatically modified by urban
and industrial developments. During the last 40 years, the area
has received industrial waste from the cellulose treatment and
urban effluents, which could be the source of contamination by
As and other metals. Moreover, during the last decade, the
outer part of the inlet channel has been subjected to dredging
operations in order to keep a navigation channel open for wood
transportation.
Physicochemical changes can occur in the estuary as a
consequence of these alterations, influencing the distribution of
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biota in the area. Among the several organisms used to
reconstruct the human-induced environmental impact over
time, benthic foraminifera are highly sensitive to pollution
effects at both the spatial and temporal scales (e.g., Alve, 1995;
Burone et al., 2007; Martins et al., 2010, 2011; Vilela et al.,
2011; Yanko, Ahmad, and Kaminski, 1998). Moderate increas-
es in organic matter input via sewage sources, among others,
are directly correlated with the increased frequency of some
taxa, e.g., Ammonia tepida and Buliminella elegantissima
(Burone and Pires-Vanin, 2006; Burone et al., 2006; Teodoro et
al., 2010).
A combined approach using sedimentological, geochemical,
and benthic foraminiferal analyses has been successfully
applied in studies in coastal systems with the aim of
understanding the impacts of human activities (e.g., Cearreta
et al., 2000, 2002, 2011; Thibodeau, de Vernal, and Mucci,
2006).
The main objective of the present work is to evaluate the
environmental transformation of the Caravelas estuary during
the last 70 years, applying microfaunal and geochemical
analyses performed at one sedimentary core (17844.39.420 S;
39816.120 W) collected in the inner region of the estuary.
Study Area
The Caravelas river estuary, which covers an area of 66 km2,
is located in a tropical region in south Bahia State, Brazil
(17845013.7 00 S, 39813052.5 00 W). The estuary forms a complex
system of shallow channels surrounding Cassumba Island and
is a transitional environment from mangroves to the Atlantic
rain forest. The connection between this estuary and the
Atlantic Ocean occurs through two inlets: Tomba Channel and
Barra Velha (Pereira et al., 2010) (Figure 1).
The hydrographical basin of Caravelas River covers a total
area of 597 km2. The local coastal region is characterized by
low fluvial discharges. According to historical data from the
Brazilian National Agency of Water (Ageˆncia Nacional de
A´guas [ANA]), the mean flow is 4.08 m3 s1, and the
maximum and minimum flows are 22.72 and 0.35 m3 s1,
respectively, corresponding to the annual series of 1975 to
2008 (ANA, 2012).
The annual maximum average temperature is 25.58C
between January and February, while the annual minimum
average temperature is 21.58C between June and August
(SRHSH, 1997). The mean annual rainfall has been recorded as
approximately 1570 mm y1, and the mean annual evapotrans-
piration is about 1230 mm y1 (D’Angiolella et al., 2005). The
rainy season is from December to February, and the dry season
is from August to September. This region presents a standard
of atmospheric circulation that varies with the seasonal
migration of the anticyclonic cell of the South Atlantic, where
NE winds predominate during spring-summer and E-SE winds
prevail during autumn-winter (Lea˜o, 2002; Lea˜o and Domi-
nguez, 2000). The regional wave climate coincides with the
wind regime: NE-E in the spring-summer, with significant
heights of 1 m and period of 5 s; and SE-E in the fall-winter,
with significant heights of 1.5 m and period of 6.5 s (Pianca,
Mazzini, and Siegle, 2010).
The tides in this region are semidiurnal, with a maximum
height of 2.3 m during spring tides and 0.5 m during neap
tides (Lea˜o, 2002). The estuarine dynamics are mainly
driven by tides, presenting a vertical structure with well-
mixed salinity and pronounced ebb-dominant currents
(Schettini and Miranda, 2010). Superficial salinity data
obtained along the estuary do not show a pronounced
variation, occurring in a range from 38 psu (lower estuary)
to 34 psu (upper estuary). The estuarine dynamics do not
change much between dry and wet periods due to the
negligible freshwater inflow compared with the tidal prism
(Pereira et al., 2010). Schettini and Miranda (2010) found
negative (seaward) water budgets of about 600 m3 s1, which
are incompatible with freshwater inflow of the order of 4 m3
s1 (Pereira et al., 2010), raising the hypothesis that there is
a significant exchange through the straits that interconnect
the Caravelas and Peruı´pe estuaries.
The estuarine hydrodynamics and suspended sediment
dynamics has been assessed based on a set of measure-
ments, including Acoustic Doppler Current Profiler (ADCP)
#A (Figure 1) (unpublished data). The found that longitu-
dinal distribution of the suspended sediment concentration
(SSC) is homogeneous during neap tides, with values
around 5 mg L1, and only sparse peaks higher than 10
mg L1. During spring tides, the SSC distribution presented
a negative gradient up the estuary. The maximum value of
108 mg L1 was recorded 7 km from the mouth, decreasing
to nearly 10 mg L1 in the upper estuary. There is a direct
relationship between salinity and SSC during the spring
tides, suggesting that the adjacent shelf is a source of the
estuarine suspended sediments. This relationship is not
observed during neap tides, which are associated with low
observed SSC, indicating low sediment dynamics and,
consequently, negligible sediment transport. Although the
hydrodynamics can be explained by the semidiurnal tides in
the Caravelas estuarine system, the SSC is better related to
the synodical tides: spring-neap cycles. Peak flow velocities
during ebb and flood periods do not necessarily result in
higher SSC concentrations in the water column, with some
SSC peaks observed during the end of flood periods. These
peaks are interpreted as sediment advection from the lower
estuary and adjacent shelf areas into the estuary. The
distance that the incoming sediment can reach depends on
the tidal range, with spring tides reaching further landward
than the neap tides. These SSC peaks during flood tides are
not observed during neap tides because the influences of this
inlet and nearshore processes do not reach the monitored
point (ADCP #A, Figure 1), which is located approximately 5
km landward from the inlet. From the two inlets that
connect the Caravelas estuary to the ocean, one (Boca do
Tomba) is relatively recent (late 1950s). This inlet was
formed by erosion of the sand spit, allowing the formation of
an estuarine creek that evolved to a 400-m-wide and 25-m-
deep channel. Although this inlet’s volumetric contribution
is similar to that of the original inlet (Barra Velha), tidal
flow constriction results in spring tidal currents that exceed
1.5 m s1. The high shear that is produced results in higher
erosion and transport rates, as it is an important connection
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for material available at the inner shelf to be transported
into the estuary.
The exchange through the interconnection channel (mea-
sured at ADCP #B, Figure 1) shows the net water and
suspended sediment flux from the Nova Vic¸osa inlet (south)
to the Caravelas estuary. The Nova Vic¸osa inlet receives the
debouch of the Peruı´pe River, which drains a 4600 km2 basin
with an average discharge of approximately 30 m3 s1.
Figure 1. Location map showing (A) the position of Bahia State, (B) the drainage basin of Itanhe´m River, (C) the Caravelas estuary, and (D) the location of the
core site and the points monitored by ADCP equipment (#A, #B); r¼ river, Is¼ island.
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Therefore, in addition to the net importation from the inner
shelf, the Caravelas estuary also receives fine sediment input
from the Peruı´pe River.
MATERIALS AND METHODS
One 210-cm-long sediment core was collected using a
vibracorer in the inner portion of the estuary (Figure 1), at
2.5 m water depth, during austral spring in 2008. Measure-
ments of salinity nearby the core site range from 35 psu to 36
psu. This area was chosen because it represents a preserved
natural area, allowing us to reconstruct the whole sedimentary
record for several decades. The core section was split
longitudinally, described, photographed, and subsampled at
every 2 cm for 210Pb dating, sedimentary grain-size, geochem-
istry, and foraminifera analyses. In this paper, we present the
data obtained from the uppermost 100 cm of the core, which
represent the last century.
The 210Pbxs and
137Cs activities were determined by gamma-
ray spectrometry using a low-background EG&G ORTEC
GMX25190P Ge detector with a resolution of 1.9 keV to a
1332.40 keV photopeak of 60Co (Table 1). The 210Pbxs
(unsupported 210Pb) activity (via total 210Pb-226Ra after 21
days to allow for radioactive equilibrium) was measured at
46.52 keV, and the 137Cs activity was measured at 661.66 keV,
according to the methodology of analysis and data acquisition
described by Figueira et al. (2007). The sedimentation and
mass accumulation rates and core dating were determined
with the application of four different mathematical models
(constant initial concentration [CIC], constant flux, constant
sedimentation [CFCS], constant rate of supply [CRS], and
model of diffusion convection [MDC]) using a series of
corrections to account for sediment porosity and dry density
(Clifton et al., 1995; Hai, Liancheng, and Zhisheng, 2006;
Jweda and Baskaran, 2011) (Table 1).
The CIC (Robbins and Edgington, 1975) and CFCS models
(Appleby and Oldfield, 1992) consider that there is an initial
activity of 210Pbxs in the core and a continuous input of
sediments to the system. As this last condition is not common
for estuarine systems in the timescale of the 210Pb half-life,
those models evaluate time-integrated sedimentation, result-
ing in mean values of sedimentation and mass accumulation
rates and, therefore, core dating.
The CRS model (Appleby and Oldfield, 1978) is intended for
sediment profile dating, and can be used to assess sedimenta-
tion and mass accumulation rates. It considers that 210Pbxs is
supplied to the sediments in a constant rate and that the
sedimentation is time dependent. It is appropriate for dating in
complex systems such as estuaries, but it provides unreliable
sedimentation rate data.
The MDC model (Ajayi and Raji, 2010; Ligero, Barrera, and
Casas-Ruiz, 2005) considers that the temporal evolution of
137Cs activity in a sedimentary column results from its vertical
convective flux, vertical diffusive flux, and natural decay. As
contour conditions for the model, it deems all 137Cs in the
location to be derived from the global fallout of past nuclear
tests, which reached a maximum level around 1963. As this
model is based in a tracer that was not present in the
environment before the 1950s, it can only be used to calculate
sedimentation rates in the recent past.
Grain-size analysis was undertaken using decarbonated
samples in a Malvern Masterizer 2000 analyzer. Approximate-
ly 0.2 g portions of dry sediment from each sample were treated
with 1 N HCl to remove calcium carbonate and then analyzed.
The total organic carbon (TOC) and total nitrogen (TN)
contents and the isotopic analyses were performed using an
EA Costech elemental analyzer coupled with a Finnigan
Isotopic Ratio Mass Spectrometer (IRMS) Delta V Plus. The
TOC and TN are presented in percentage of dry weight, and the
isotopic ratios were determined with respect to the VPDB
standard for d13C and atmospheric air for d15N.
The analyses of Al, As, Cd, Mn, Ni, Cu, Cr, Fe, Pb, Zn, and Cr
were performed using an ICP-OES (Varian model Vista MPX).
These analyses followed the procedures described in Methods
3050b and 6010c of the SW-846 series (USEPA, 1996, 2007).
These data are reported as the content in the bulk sample.
To understand the heavy metal and arsenic behavior along
the cores, Tomlinson’s pollution load index (PLI) was applied.
The PLI index (Tomlinson et al., 1980) is obtained as the
concentration factor (CF) of each heavy metal with respect to
the background value in the sediment and has been used to
assess the relative heavy-metal toxicity of estuarine sediments
(Caeiro et al., 2005; Harikumar, Nasir, and Majeebu, 2009).
The equations applied are:
PLI ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CF1 3CF2 3CF3 3 . . .3CFn
n
p
ð2Þ
CF is the concentration factor for each analyzed element
obtained by the equation:
CFmetal ¼ Cmetal=Cbackground ð3Þ
where Cmetal is the element concentration at a particular depth
Table 1. Dating (year of deposition) for the Caravelas estuary core with
associated error of determination.
Depth (cm)
Core Dating (y)
CIC CFCS CRS
0 2006* 2006* 2006*
2 2004* 2004* 2005*
4 2002 6 1 2003* 2004*
6 2001 6 1 2001* 2002*
8 1999 6 1 1999 6 1 2001*
10 1997 6 1 1998 6 1 2000*
12 1995 6 1 1997 6 1 1998*
14 1993 6 1 1996 6 1 1997*
16 1992 6 1 1994 6 1 1995*
18 1990 6 1 1993 6 1 1994 6 1
20 1988 6 1 1991 6 1 1992 6 1
22 1986 6 1 1989 6 1 1990 6 1
24 1984 6 2 1987 6 1 1988 6 1
26 1983 6 2 1985 6 2 1986 6 1
28 1981 6 2 1983 6 2 1984 6 2
30 1979 6 2 1981 6 2 1982 6 2
32 1977 6 3 1979 6 3 1980 6 2
34 1975 6 2 1978 6 2 1978 6 2
36 1974 6 2 1976 6 2 1976 6 2
38 1972 6 2 1974 6 2 1968 6 3
* Error lower than 1 y.
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of the core, and Cbackground is the element concentration at the
bottom of the core.
The PLI index represents the number of times that the heavy
metal concentration in the sediment exceeds the background
concentration and provides a summative indication of the
overall level of heavy-metal toxicity in a particular sample. The
PLI varies from 0 to 10, where 0 means no pollution, and 10
indicates extreme pollution (Praveena, Radojevic, and Abdul-
lah, 2007).
Samples for foraminifera analysis were wet-sieved into a 63
lm size class and then dried at 50 8C. The sediment samples
were split, and approximately 300 individuals of foraminifera
were picked, identified, counted, and mounted in micropaleon-
tological slides. The ecological descriptors, density (number of
individuals/5 g), and species diversity (Shannon-Wiener index)
were calculated. The complete list of species found in this study
is included in Appendix A.
A principal component analysis (PCA) was performed for the
ordination of the samples based on abiotic and biotic factors.
The matrix was constructed using the 12 variables presented in
Table 2. To perform the multivariate analysis, we used the
Multivariate Statistical Package (MVSP) software from Ko-
vach (1999).
RESULTS
Chronology, Grain-Size, and Geochemical Analyses
The mean sedimentation rate obtained by three 210Pbxs
models was 1.22 6 0.15 cm y1, and the mean mass
accumulation rate obtained with 210Pbxs was 0.66 6 0.08 g
cm2 y1. These results were confirmed by 137Cs data, which
showed values from MDC of 1.206 0.06 cm y1 and 0.656 0.03
g cm2 y1 for mass accumulation. The core dating from 210Pbxs
models are presented in Table 1. With the mean dating of the
core, a graphic with the time evolution of the sedimentation
and mass accumulation rates was made, assisted by the moving
average technique (Figure 2).
The grain-size analysis showed that relatively high
average values of sand content (37.43%) are registered for
the 1931–65 period, decreasing to 24.03% for the 1976–99
period. From 2003 to 2006, a decrease in the values is still
observed, with an average of 19.2%. (Table 2, Figure 3A). An
increase of TOC (from 0.73% to 1.39%) is observed for the
1933–65 period in the Caravelas estuary. From 1976 to 1999,
the TOC values still increase, reaching 2.12%. Over the last
decade, the TOC contents decreased, ranging from 1.05% to
1.23% (Table 2, Figure 3A). The TN values show the same
trend as TOC, with the exception of the 2006 sample (Table 2,
Figure 3A).
It is possible to recognize three different sample groups
based on the C/N ratio values: (1) 1931–65, with an increase
in the ratio from 14.4 to 16.7; (2) 1976–99, characterized by
higher values, ranging from 16.7 to 24.9; and (3) 2003–2006,
with a decrease in the ratio (Figure 3A). The d13C values are
higher (~23.00%) between 1933 and 1948. From 1948 to
1998, a decrease of 2% is observed; and in the last decade, we
observe an increase of 1% (values~24%). This pattern is also
identified in the diagram of the C/N ratio versus d13C (Figure
4), which indicates the mixing of organic matter from C3 land
plants and marine dissolved organic carbon (DOC) to the
sample group in the periods 1931–48 and 2003–06 and
organic matter mainly from C3 land plants to the sample
group from 1976 to 1999.
Figure 2. Sedimentation rate and mass accumulation obtained from the
core retrieved from Caravelas estuary.
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The levels of Cr, Cu, Ni, Pb, and Zn showed a slight increase
from the 1930s up to the 1970s. From approximately 1970 to
1990, the values do not exhibit large variations (Figure 3B). A
similar tendency is shown by the PLI values (Figure 3A).
Foraminifera analysis
The highest values of foraminifera density (~2,900 no. ind./5
g) is observed at approximately 1960. From this period up to
2006, the density values are much lower, ranging from 750 to
1400 no. ind./5 g, with the exception of the value obtained for
1983, which reaches nearly 2800 no. ind./5 g (Table 2, Figure
3A).
Similar to the density, the diversity values showed two
patterns: (1) from 1931 to 1965, the values are higher than 2.5;
and (2) from 1976–2006, the values are lower than 2.5. A sharp
decrease in diversity values (from 2.9 to 2.2) is observed
between 1965 and 1976 (Table 2, Figure 3A).
Hyaline calcareous foraminifera are predominant through-
out the core, including calcareous-hyaline (75% to 92%),
calcareous-porcelanaceous (8% to 25%), and agglutinated (0%
to 2%) foraminifera. The most abundant species of foraminifera
are Ammmonia parkinsoniana, A. tepida, Bolivina pulchella
var. primitiva, Cassidulina crassa, Elphidium excavatum,
Gavelinopsis praegeri, Haynesina germanica, and Pararotalia
cananeiaensis (Table 3).
A predominance of infaunal species was identified along the
core; however, a decrease of epifauna (from 35.4% to 11.0%)
occurred from 1965 to 1976. The frequencies of Ammonia
tepida and Pararotalia cananeiaensis are higher from 1976 to
2006. Additionally, an increase of open-marine dweller species
(i.e., Bolivina striatula, Cassidulina crassa, Gavelinopsis
praegeri, Nonionella atlantica) is observed in the same interval
(Figure 3A).
Ordination analysis
It is possible to identify two sample groups based on PCA
analysis, as observed in Figures 5A and 5B. Group I is formed
by the samples from 1931 to 1965 and is negatively correlated
to axis 1. Group II is composed of samples from 1976 to 1999
and is positively correlated to axis 1. The samples from 2003 to
2006 do not show any pattern according to the first two axes.
Axes 1 and 2 together explain 66.37% of the total data variance,
with 41.94% explained by axis 1. Group I is explained by
foraminifera density, percentage of epifaunal species, the
Shannon index, and the d13C values. Group II is explained by
the mean diameter, the percentage of TN and TOC, A. tepida,
P. cananeiaensis, open-marine dweller species, and PLI
(Figure 5A).
DISCUSSION
Based on the results obtained from the sedimentological,
geochemical, and microfaunal analyses, it is possible to
recognize three periods of environmental changes within the
recent sedimentary record of the Caravelas estuary. First, the
period between the 1930s and 1970s is positioned on the
negative side of axis 1, which is characterized by a higher
percentage of sandy sediments, high foraminifera diversityT
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values, high percentages of epifauna, and lower PLI, TOC, TN,
and C/N values (Figures 3A, 5A, and 5B). The geochemistry
data reveal a mixed source in the organic matter preserved in
the sediments, with the contribution of C3 land plants and
marine DOC (Figure 4).
The high diversity values between the 1930s and 1970s are
likely enhanced by the grain-size heterogeneity promoted by
the higher sand content observed in the base of the core. The
grain-size heterogeneity provides a potential niche for many
species with different modes of life, such as epifaunal-free (e.g.,
E. excavatum, Quinqueloculina spp.), epifaunal-clinging (e.g.,
Spirillina vivipara), and infaunal-free (e.g., A. tepida, Non-
ionella iridea). They also exhibit different feeding strategies
(detritivore, herbivore), reflecting high species diversity.
Furthermore, the relatively higher density values and the
significant presence of epifaunal foraminifera between the
1940s and 1960s combined with the occurrence of high sand
percentage in the substrate could suggest well-oxygenated
conditions (Jorissen, Stigter, and Widmark, 1995) and food
availability in the environment during this period. In coarse
sediments, microalgae or bacterial films can act as a food
source, and thus, this feeding strategy should also be
considered, according to Langer and Gehring (1993), Bernhard
and Bowser (1992), and Diz et al. (2004).
Secondly, the period from the mid-1970s to the 2000s is
characterized by an increase of open dweller foraminifera
species (e.g., C. crassa, Cornuspira involvens, G. praegeri) and
higher abundance of P. cananeiaensis, which Debenay et al.
(2001a) related to the influx of suspended tests through the
upstream transport of marine sediments. According to Debe-
nay et al. (2001a), the presence of P. cananeiaensis in the
estuaries of southern Brazil indicates an inward transport of
suspended material by tidal currents in these environments.
The bottom sediment of the study area is subject to the effects of
tidal currents (Schettini and Miranda, 2010), and this
mechanism probably threw the sediments into suspension,
including foraminiferal tests, promoting their upstream trans-
port in the Caravelas estuary.
Most of the foraminifera species (e.g., C. crassa, G.
praegeri, P. cananeiaensis), considered open-marine dweller
Figure 3. (A) Sand and mud contents (%), mean diameter of the sediments (ø), TN contents (%), C/N ratio, d13C values (%), PLI index values, density of
foraminifera specimens (no. ind./5 g), Shannon diversity index values, frequencies of Ammonia tepida (%), Pararotalia cananeiaensis (%), open-marine dweller
foraminifera species (%), and epifauna/infauna (%) with the age of the core retrieved from the Caravelas estuary. (B) Elemental concentrations with age and
depth in the core retrieved from Caravelas estuary.
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species, found in the period from the mid-1970s to the 2000s
are different from those found living nowadays in the
estuary. In the surroundings of the core site, the biocenosis
is mainly represented by estuarine species, e.g., A. tepida
and Buliminella elegantissima (Sousa, unpublished data).
The species found during the mentioned period could be
regarded as allochthonous forms transported from the
adjacent shelf. Additionally, the increase of mud input
during this period could be related to the opening of the Boca
do Tomba inlet according to historical data (Figure 6),
probably resulting in a more effective transport of sediments
from the adjacent shelf by the tidal currents into the
Figure 4. Scatter plot between the d13C and C/N ratios obtained for the core samples. The different fields in the d13C vs. C/N plot correspond to the ranges for
organic matter inputs to coastal environments (according to Lamb, Wilson, and Leng, 2006). The samples were identified by dating obtained by 210Pb chronology.
Table 3. Frequencies of the most significant species (species with more than 2%) found throughout the core.
Sample age (y)
2006 2005 2003 1999 1996 1994 1993 1990 1986 1983 1979 1976 1965 1957 1948 1940 1931Foraminifera taxa
Ammonia falsobeccarii (Rouvillois, 1974) 1.0 1.2 0.3 0.7 0.4 0.0 1.7 0.0 0.5 0.0 0.0 3.7 1.1 1.5 0.0 0.0 0.0
Ammonia parkinsoniana (d’Orbigny, 1839) 0.0 0.0 0.6 3.1 8.9 23.4 6.9 8.4 5.3 8.1 5.7 23.6 7.5 6.8 20.1 9.8 6.4
Ammonia tepida (Cushman, 1926) 8.8 5.2 9.6 11.4 14.3 17.3 10.1 11.4 19.7 20.6 6.5 6.1 13.4 12.7 8.5 4.1 8.0
Aubignyna perlucida (Heron-Allen &
Earland, 1913)
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.4 0.0 0.4 0.4 0.6 1.4 1.6 2.1
Bolivina pulchella (d’Orbigny) var.
primitiva Cushman, 1930
2.9 3.2 3.2 2.4 0.7 3.9 2.8 1.8 0.5 2.4 1.4 4.1 1.1 0.6 0.3 0.0 16.2
Cassidulina crassa (d’ Orbigny, 1839) 0.0 1.6 2.3 1.0 3.9 1.7 1.4 3.7 1.0 0.4 6.1 2.4 3.0 2.2 3.4 2.4 0.0
Cibicides ungerianus (d’ Orbigny, 1846) 1.0 0.4 1.5 2.8 0.4 0.0 0.3 1.5 0.0 0.8 0.0 0.4 0.4 0.0 0.0 0.0 0.0
Cornuloculina balkwilli (Macfadyen, 1939) 0.0 0.0 0.0 0.3 0.0 0.0 0.3 0.0 0.0 0.4 0.0 0.4 1.5 0.0 1.0 3.7 0.5
Cornuspira involvens (Melville 1978) 2.0 0.4 0.9 1.4 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.0 4.1 2.8 4.8 0.0 7.7
Discorbis globularis (d’Orbigny) var. bradyi
Cushman, 1915
2.0 0.0 0.6 0.7 0.7 0.0 0.3 0.0 0.5 0.4 0.7 0.0 0.0 0.6 0.7 0.8 0.0
Elphidium excavatum (Terquem, 1875) 16.7 8.8 7.3 5.2 7.1 3.9 5.6 10.6 0.5 7.7 6.8 11.8 0.4 13.3 4.8 32.9 19.1
Elphidium williamsoni Haynes, 1973 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gavelinopsis praegeri Heron-Allen &
Earland 1913
2.0 6.0 4.4 4.5 8.2 3.0 3.8 7.0 4.8 7.7 2.5 2.8 4.1 2.5 2.4 0.0 0.5
Haynesina depressula simplex Cushman,
1933
0.0 0.0 0.0 0.0 0.7 0.0 1.4 1.8 0.0 0.8 2.2 0.0 0.4 0.3 2.0 0.0 0.0
Haynesina germanica (Ehrenberg, 1840) 3.9 2.0 2.9 3.8 0.7 3.5 0.0 1.5 2.4 0.4 1.4 0.4 3.4 1.2 0.7 0.4 1.3
Melonis affinis (Reuss, 1851) 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3 0.0
Miliolinella australina Scheibenerova´, 1976 2.0 0.0 0.0 0.0 0.4 0.0 0.7 0.0 0.5 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0
Nodobaculariella scita Cushman & Todd,
1948
0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 2.5 0.3 0.0 0.0
Pararotalia cananeiaensis Debenay et al.,
2001
30.4 51.8 35.4 33.4 33.9 26.8 38.9 33.0 43.8 34.7 38.4 27.6 20.9 18.0 15.7 15.9 14.2
Quinqueloculina dimidiata Terquem, 1876 0.0 0.4 3.5 0.3 0.4 0.4 1.4 0.4 0.0 0.8 0.4 0.0 4.5 7.7 6.1 2.4 0.5
Quinqueloculina seminula (Linnaeus, 1758) 2.0 0.0 0.3 0.3 0.0 0.4 0.3 0.7 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0
Quinqueloculina stalkeri Loeblich &
Tappan, 1953
2.0 0.0 0.3 0.0 0.4 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Quinqueloculina ungeriana d’ Orbigny,
1846
0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rosalina vilardeboana d’Orbigny, 1839 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.4 0.0 0.0 0.4 0.0 0.4 0.0 5.5 0.0 0.5
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estuary. The Boca do Tomba inlet opened in the late 1950s
and gradually became wider and more effective in exchang-
ing material between the inner shelf and the estuary. After
its opening, the previously narrow inner channel became the
secondary connection between the estuary and adjacent
ocean. Soon after opening, the channel was only 60 m wide
and had little influence on the estuarine processes. Howev-
er, with tidal flows controlling the hydrodynamics of this
secondary channel, the initially narrow channel started
widening at a rate of approximately 9 m/y, increasing its
influence on the estuary during the 1970s (presenting a
width of approximately 110 m in 1975), and reaching its
present width of approximately 400 m in 2011. By widening
and deepening, the newly formed channel gradually became
the main channel of the estuarine system (Figure 6).
Meanwhile, the Barra Velha channel became shallower,
with depths reducing from around 7 to 3 m.
During this period, we observe a predominance of C3 land
plant organic matter, probably enhanced by the anthropogenic
activities related to the soil occupation in the area. The PLI
values and the increase of TOC indicate significant changes
related to the use and occupation of the land since the 1970s,
mainly due to the development of eucalyptus culture for
cellulose industries. During this period, A. tepida appeared in
high densities among the most abundant species, also
demonstrating instability in the environment. The dominance
of this species may reflect the higher availability of food in the
environment. Some authors have related the presence of this
species to a large input of marine and/or continental organic
matter in coastal areas (e.g., Burone et al., 2006, 2007).
According to Debenay et al. (2001b), A. tepida can tolerate
low and high salinities in coastal areas, and the growth of this
species seems to be favored by the input of nutrients. The
Caravelas estuary exhibits well-mixed salinity vertical struc-
ture (Schettini and Miranda, 2010), promoting a high salinity
in the bottom water. Thus, the presence of A. tepida in the
study area is consistent with the high organic matter content in
the sediments, corroborating the data presented by Burone et
al. (2007), who related the high density and dominance of this
species to the nutrient enrichment from unpolluted rivers in
the Brazilian southeastern coastal region.
Figure 5. (A) First two axes of the principal component analysis (PCA) of the selected abiotic and biotic variables. (B) Sample scores of PCA axis 1. The samples
were identified by dating obtained by 210Pb geochronology.
Figure 6. Schematic representation of the formation and evolution of the
Boca do Tomba inlet. The yellow line represents the closed channel (based on
1957 aerial photography), and the white line represents the coastline in 1975
(Landsat image). Previous coastlines are plotted over the 2003 image (Google
Earth).
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The third period comprises samples from the last decade
(2003–2006) and is apparently characterized by a decrease in
TOC, C/N ratios, and foraminifera density and diversity
values. We still observe an abundance of open-marine dweller
species and P. cananeiaensis (Figure 3A) in this period, which
can be considered allochthonous forms in the estuary.
Additionally, the signature of the organic matter in the
sediment is similar to that observed in the earlier years of
the sedimentary record (Figure 4). This scenario may corre-
spond to an increase of marine sediments transported from the
inner shelf into the Caravelas estuary.
CONCLUSIONS
The core retrieved from the Caravelas estuary reflects
anthropogenic impacts and natural ecosystem changes, which
have led to significant modifications in the benthic foraminifera
community, sediment grain sizes, and organic matter in the
sediments. Three different periods can be identified in the
recent sedimentary record. The 1931–76 period reflects pre-
impact conditions with a predominance of sandy sediments,
baseline levels of metals, and a mixed source in the organic
matter (C3 land plants and marine DOC).
Since the 1970s, the natural widening of the new inlet
facilitated the transport of allochthonous foraminifera species
from the inner shelf into the estuary. This natural impact was
contemporaneous with an increase of soil occupation, which
has led to an increase of continental organic matter and slight
augment of PLI values. The higher organic matter content
values are responsible for the abundance of A. tepida, reflecting
environmental stress conditions. A decrease of density and
diversity values is observed in this period, although an increase
of allochthonous foraminifera species into the estuary is
observed. The decreasing of foraminifera density and diversity
values may be a consequence of the grain-size changes in the
substrate, which reduce the settlement of epifaunal species.
During the last decade, dredging operations in the outer part of
the inlet channel appear to have intensified the transport of
marine sediments into the estuary.
The data obtained confirm the importance of the recent
sedimentary archives in distinguishing natural and anthropo-
genic processes in coastal areas, being a useful tool in future
monitoring programs.
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Appendix A. Microfaunal list.
Ammonia falsobeccarii (Rouvillois, 1974)
Ammonia parkinsoniana (d’Orbigny, 1839)
Ammonia tepida (Cushman, 1926)
Anomalinoides globulosus (Chapman & Parr, 1847)
Anomalinulla glabrata (Cushman, 1924)
Asterigerinata mamilla (Williamson, 1858)
Astrononion stelligerum (d’Orbigny, 1839)
Aubignyna perlucida (Heron-Allen & Earland, 1913)
Bolivina compacta Sidebottom, 1905
Bolivina dilatata Reuss, 1850
Bolivina doniezi Cushman & Wickenden, 1929
Bolivina lowmani Phleger & Parker subsp. densipunctata Sellier de
Civrieux, 1976
Bolivina merecuanai Sellier de Crivieux, 1976
Bolivina minuta Natland, 1938
Bolivina pseudoplicata Heron-Allen & Earland, 1930
Bolivina pulchella (d’Orbigny) var. primitiva Cushman, 1930
Bolivina semicostata Cushman, 1911
Bolivina sliteri Sellier de Crivieux, 1976
Bolivina striatula Cushman, 1922
Bolivina subargentea Uchio, 1960
Bolivina vaughani Natland, 1938
Bolivina venezuelana Sellier de Crivieux, 1976
Bolivina venezuelana var. foliacea Sellier de Crivieux, 1976
Brizalina filacostata (Cushman & McCulloch, 1942)
Brizalina subaenariensis (Cushman, 1922)
Buccella peruviana (Orbigny, 1839)
Bulimina cf. aculeata d’Orbigny, 1826
Bulimina patagonica d’Orbigny forma glabra Cushman & Wickenden,
1929
Buliminella elegantissima (d’Orbigny, 1839)
Cassidulina crassa (d’Orbigny, 1839)
Cassidulina teretis Tappan, 1951
Cassidulina tortuosa Cushman & Hughes, 1925
Cibicides ungerianus (d’Orbigny, 1846)
Cibicidoides bradyi (Trauth, 1918)
Cornuloculina balkwilli (Macfadyen, 1939)
Cornuspira involvens (Reuss, 1849)
Deuterammina ochracea (Williamson, 1858)
Deuterammina rotaliformis (Heron-Allen & Allen, 1913)
Discorbinella araucana (d’Orbigny, 1839)
Discorbis globularis (d’Orbigny) var. bradyi Cushman, 1915
Discorbis isabelleana (d’Orbigny, 1839)
Discorbis micens Cushman, 1933
Discorbis orbicularis (Terquem, 1875)
Discorbis williamsoni Chapman & Parr 1932
Discorinopsis aguayoi (Bermu´dez, 1935)
Edentostomina pseudodepressa (Magin, 1960)
Edentostommina elongata Zheng, 1988
Elphidium articulatum (d’Orbigny, 1839)
Elphidium excavatum (Terquem, 1875)
Elphidium gerthi (van Voorthuysen 1957)
Elphidium williamsoni Haynes, 1973
Eoeponidella pulchella (Parker 1952)
Epistominella convexa (Parker, 1958)
Fissurina acuta Reuss, 1863
Fissurina circulum Seguenza, 1862
Fissurina globosocaudata Albani & Yassini, 1989
Fissurina laevigata Reuss, 1850
Fissurina lucida (Williamson, 1848)
Fissurina marginata (Montagu, 1803)
Fissurina quadricostulata (Reuss, 1870)
Fissurina semimarginata (Reuss, 1870)
Fissurina simplex Seguenza, 1862
Fursenkoina rotundata (Parr 1950)
Gavelinopsis praegeri Heron-Allen & Earland 1913
Glabratella elegans Zheng, 1988
Globocassidulina rossensis (Kennett, 1967)
Globocassidulina subglobosa (Brady, 1881)
Appendix A. Continued.
Globocassidulina sp.
Glommospira sp.
Gyroidina umbonata (Silvestri, 1898)
Gyroidinoides laevigata (d’Orbigny, 1986)
Hanzawaia nitidula (Bandy 1953)
Hauerina pacifica (Cushman, 1917)
Haynesina depressula (Walker and Jacob, 1798 emend. Murray)
Haynesina germanica (Ehrenberg, 1840)
Hopkinsina atlantica Cushman, 1933
Lagena interrupta (Wiesner, 1931)
Lagena laevis (Montagu, 1803)
Lagena paucisulcata Albani & Yassini, 1989
Lagena semistriata Williamson, 1848
Lagena setigera (Millett, 1901)
Melonis affinis (Reuss, 1851)
Miliolinella australina Scheibenerova´, 1976
Miliolinella circularis (Bornemann 1855)
Miliolinella circularis (Bornemann) var. elongata Kruit 1955
Miliolinella microstoma Warren, 1957
Miliolinella subrotunda (Montagu, 1803)
Mychostomina revertens (Rhumbler, 1906)
Neoconorbina marginata Hofker, 1951
Neoconorbina parkerae (Natland 1950)
Neolenticulina variabilis (Reuss, 1850)
Nodobaculariella scita Cushman & Todd, 1948
Nonion aimonoi Matsunaga, 1963
Nonionella atlantica Cushman, 1936
Nonionella auris (d’Orbigny, 1839)
Nonionella basispinata Cushman & Moyer, 1930
Nonionella bradii (Chapman, 1916)
Nonionella cf. opima Cushman, 1947
Nonionella clavata Cushman, 1931
Nonionella iridea Heron-Allen & Earland, 1932
Nonionoides pauperatus (Balkwill & Wright 1885)
Parafissurina inaequilateralis (Wright, 1886)
Parafissurina quadrata Parr, 1950
Parafissurina subcircularis Parr, 1950
Pararotalia cananeiaensis Debenay, 2001
Patellina corrugata Williamson, 1858
Patellina nitida Terquem, 1878
Pileolina patelliformis (Brady, 1884)
Procerolagena gracillima (Seguenza, 1862)
Procerolagena simulampulla Patterson, 1991
Quinqueloculina akneriana d’Orbigny, 1846
Quinqueloculina artusoris Zheng, 1988
Quinqueloculina bicornis (Walker and Jacob) emend. Haynes, 1973
Quinqueloculina compta Cushman, 1947
Quinqueloculina dimidiata Terquem, 1876
Quinqueloculina exculpta (Heron-Allen & Earland, 1915)
Quinqueloculina granulocostata Germeraad, 1946
Quinqueloculina laevigata d’Orbigny, 1839
Quinqueloculina lamarckiana d’Orbigny, 1839
Quinqueloculina lata Terquem, 1876
Quinqueloculina oblonga (Montagu, 1803)
Quinqueloculina sclerotica Karrer, 1868
Quinqueloculina seminula (Linnaeus, 1758)
Quinqueloculina stalkeri Loeblich & Tappan, 1953
Quinqueloculina trigonula Terquem, 1876
Quinqueloculina ungeriana d’Orbigny, 1846
Quinqueloculina sp.
Remaneica helgolandica Rhumbler, 1938
Rosalina anomala Terquem, 1875
Rosalina vilardeboana d’Orbigny, 1839
Spirillina vivipara Ehrenberg, 1841
Spirillina vivipara Ehremberg var. complanata Jones, 1896
Spirosigmoilina pusilla (Earland, 1934)
Textularia deltoidea Reuss, 1850
Tiphotrocha concava Seiglie, 1094
Trifarina angulosa (Williamson, 1858)
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Appendix A. Continued.
Uvigerina auberiana d’Orbigny, 1839
Uvigerina peregrina Cushman, 1923
Valvulineria candeiana (d’Orbigny, 1839)
Valvulineria minuta (Schubert 1904)
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